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Abstract. In medical ultrasound imaging, mostly piezoelectric crystals are used as ultrasonic transducers. Capacitive Micromachined Ultrasonic Transducers (CMUTs) introduced around 1994 have been shown to be a good alternative to conventional piezoelectric transducers in various aspects, such as sensitivity, transduction efficiency or bandwidth. This paper focuses on a fabrication process for CMUTs using anodic bonding of a SOI wafer on a glass wafer.
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The processing steps are described leading to a good control of the mechanical response of the membrane. This technology makes possible the fabrication of large membranes and can extend the frequency range of CMUTs to lower frequencies of operation. Silicon membranes having radii of 50 µm, 70 µm, 100µm and 150 µm and a 1.5 µm thickness are fabricated and electromechanically characterized using an auto-balanced bridge impedance analyzer.
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Resonant frequencies from 0.6 MHz to 2.3 MHz and an electromechanical coupling coefficient around 55% are reported. The effects of residual stress in the membranes and uncontrolled clamping conditions are clearly responsible for the discrepancies between experimental and theoretical values of the first resonance frequency. The residual stress in the membranes is determined to be between 90 MPa and 110 MPa. The actual boundary conditions are between
Introduction
Capacitive Micromachined Ultrasonic Transducers were introduced in 1994 as an alternative to lead zirconium titanate based transducers (Haller and Khuri Yakub 1994) . CMUTs generally provide a wider bandwidth than current piezoelectric transducers. A CMUT is a capacitor structure composed of a thin plate and a bottom electrode. The sensitivity and the frequency response of CMUTs are 5 determined by the physical dimensions and the material properties. Therefore, a stringent process control is decisive for CMUT fabrication. The thickness and the lateral dimensions of the membrane determine the mechanical behavior like eigenfrequencies or mechanical impedance. The electrical behavior like collapse voltage or DC bias also depends on the thickness and the lateral dimensions of the membrane, as well as the cavity parameters like the gap and the lateral dimensions of the bottom 10 electrode.
Two fabrication methods for CMUTs are mainly used (Khuri-Yakub and Oralkan 2011): sacrificial release process and wafer bonding process. Sacrificial release process is the subject of a large number of works (Haller and Khuri Yakub 1994 , Ladabaum et al 1998 , Knight et al 2004 , Teston et al 2006 .
It involves many steps increasing the failure rate and the fabrication cost, but it is possible to outsource 15 the fabrication to a low cost and opened access multi-users process called MUMPs TM (Liu and Shandas 2009, Manzanares and Espinosa 2012) . However, the sacrificial release process reveals some limitations in size tied to sticking problems occurring during the releasing step. To prevent the membrane from sticking, the geometrical parameters of the membrane have to be chosen properly (Haller and Khuri Yakub 1994 , Ergun et al 2005 , Salim et al 2012 .
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In the wafer bonding process, membranes are fabricated using thin silicon wafers or Silicon On
Insulator wafers (SOI). This method ensures precise thickness of the membrane and requires fewer steps than the sacrificial release process. The simple wafer bonding requires high temperatures (~1000 °C) (Huang et al 2008 , Wygant et al 2009 . Because of these high temperatures, these techniques exclude the possibility of a monolithic integration of the electronic circuits. To make the integration of 25 the electronic circuits possible, low temperature processes (lower than 500 °C) have been developed.
One of these processes uses a temperature of 400 °C to bond a SOI wafer on a Si wafer covered by an 4 adhesion layer made of titanium (Tsuji et al 2010 
Finally, the difference between the experimental and theoretical eigenfrequencies is explained by the amount of residual stress in the membranes (between 90 MPa and 110 MPa) and by boundary conditions falling between a clamped rim and a simply supported rim.
Process flow and design

25
The process flow (figure 1) can be summarized in three main steps as follows:
-Etching of the cavities and evaporation of the bottom electrodes on the glass wafer,
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-Anodic bonding of the glass wafer on the SOI wafer, -Etching of the handle layer and the buried oxide layer of the SOI wafer. and wet etched in the third photoresist level (figure 1-e). The last step (figure 1-f) is a silicon dry etching, using aluminum as a hard mask, to get access to the pad. Like for all type of MEMS, the layout design and the process flow are conjointly designed. As an example, the thickness, related to the process, and the radius, related to the layout design, are the parameters controlling the value of the first eigenfrequency. In our design, since a 1.5µm membrane thickness is chosen, the different 25 membrane radii are determined so that the eigenfrequencies will be in the expected frequency range, 
Fabrication
5
The focus of this paper is to develop a repeatable and efficient fabrication process, providing membranes that can be tested mechanically and electrically. Each fabrication step is thoroughly studied and optimized as much as possible in terms of shapes, dimensions, surface flatness, straightness of sidewalls. For instance, a buffered hydrofluoric acid solution with a ratio of ammonium fluoride solution (NH4F 40%) to hydrofluoric acid solution (HF 50%) equal to 7:1 is used to etch the cavities (figure 3). Since 5 this type of etching is isotropic, the etching ratio is equal in the vertical and the lateral directions. The lateral etching is taken into account in the layout definition of the membranes radii. The etching of the glass with the buffered hydrofluoric acid allows a well-defined curvature of the side wall of the rim of the membrane and a flat bottom of the cavity (figure 4a). Dry plasma etching with C4F8 gas is also used to make the cavities but the resist mask was damaged due to excessive heating, leading to cavities 10 that were curved in the bottom (figure 4b) and not uniform across the wafer. The fabrication of the bottom electrode with Titanium/Gold deposition through the second lithography step is then performed without any problem (figure 5a and figure 5b). The photoresist used in this step 5 is 3 µm thick in order to perfectly coat the sidewalls of the cavities. This ensures that there will be no burrs or smashes on the electrodes, as well as on the 10 µm wide connection wire. 
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The bonding is the most critical step as a SOI wafer is introduced in the process. The SOI wafer is 505 µm (silicon handle layer) /2 µm (oxide layer) /1.5 µm (silicon device layer) thick and it is bonded on a Pyrex 7740 glass substrate with a thickness of 520 µm. First, a chromic-sulfuric acid solution (H2SO4, 
Electromechanical characterization
The CMUT characterization is mainly made on unit cells, i.e. on single membranes. The mechanical resonance frequency and the electrical impedance in air are measured. In a first experimental step, the resonance frequency is measured without DC voltage using a POLYTEC laser vibrometer. The vibrometer is composed of a fiber-coupled vibrometer sensor head OFV-534 and an OFV-5000 10 controller. The controller has a DD300 decoder, being able to measure displacements up to 150 nm peak to peak at 24 MHz with a resolution of 30 pm @2 Mhz. It can be reminded that vibration amplitude is maximized at the mechanical resonance frequencies. will propose to relate these discrepancies to residual stress in the membranes possibly induced by the fabrication process of the SOI wafer.
In a second experimental step, the evolution of the resonance frequency is measured as a function of 5 the DC voltage to evaluate the well-known electrostatic softening effect. This is made using two ways.
The first one uses the POLYTEC laser vibrometer previously described. The DC bias voltage varies from 10 V to 140 V with a step of 10 V for the tested membrane. The AC voltage is set to 0.5 V peak 15 Figure 7 . Evolution of the resonance frequency as a function of the DC bias voltage for a 50 µm radius and 1.5 µm thick membrane. The AC voltage is set to 0.5 V peak to peak.
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The impedance measurement is also used to determine the electromechanical coupling coefficient. The evolution of the real part of impedance as a function of frequency can be seen in figure 8 for four values of the DC bias voltage, out of thirteen, for clarity reasons. The parasitic capacitances will be reduced in the process described here for example by patterning the top electrode properly and thus avoiding the parasitic capacitance due to the wire connecting the pad to the bottom electrode.
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Residual stress in the silicon membranes
As shown on table 1, there is a significant difference between the experimental frequencies and the eigenfrequencies computed using ANSYS FEM simulations. This difference gets bigger as the radius of the membrane increases. The sign of the error also changes, being negative for the 50 µm radius membrane and then positive for other values of the radius. The experimental frequencies are measured 5 with a 10 V DC bias voltage and a 0.5 V peak to peak AC voltage, leading to maximal deflections less than 2.5 nm peak to peak for the 150 µm radius membranes. This ensures that the discrepancies are not due to stress stiffening, since the deflection to thickness ratio is much less than 10%. These results suggest that the hypotheses used in the theoretical approach are not correct. The simulation indeed assumes that the internal stress was zero and that the rim of the membrane was perfectly clamped (no displacement and no rotation at the rim of the membrane).
The idea is to determine numerically the value of the residual stress so that the numerical value of the 15 first eigenfrequency corresponds to the experimental one, for each value of the radius membrane. Two
types of boundary conditions are tested. In a first calculation, all the degrees of freedom at the clamped rim of the membrane are restrained. In a second calculation, the rotations are released.
Moreover, the stress is supposed to be homogeneous in the membrane: tensile state or compressive state. It is assumed here that the residual stress is a thin film material parameter, independent of the 20 plate radius. substrate that the nominally-clamped end of the free part of the cantilever undergoes a slight rotation due to an in-plane deformation of the bonded part from the residual stress field. To go further, the evolution of the resonance frequency as a function of the residual stress is investigated, with both configurations of boundary conditions, with all the degrees of freedom restrained (diamond points in figure 11 ) and with the rotations released (circle points in figure 11 ).
The diamond points are always above the circle points because, for a given geometry, a clamped 
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Using these curves, the lowest upper value of the residual stress and the highest lower value of the residual stress are found. To do so, it is assumed that the effective boundary conditions must lie between the first case (all degrees of freedom restrained) and the second case (rotations released). In this condition, the lowest upper value of the residual stress is found for each curve when the circle points is above the +10% limit, corresponding to the top line of the gray area. The highest lower value of the residual stress is found when the diamond points are under the -10% limit, corresponding to the bottom line of the gray area. For instance, for the radius 150 µm, the lowest upper value of the residual stress is found to be 150 MPa. Another example is the highest lower value of the residual stress for the 5 radius 100 µm, found to be 30 MPa. Assuming that the residual stress has to be independent of the radius of the membrane, this residual stress has to be included in the boundaries 70 MPa -120 MPa.
Of course, the actual boundary conditions must fall between the first case, totally clamped, and the second case, rotations released. The actual boundary conditions are a consequence of the fabrication process of the membranes since the thickness of the SOI is the same in the bonded area than in the On the other hand, for the residual stress of 100 MPa, figure 13 indicates that a value of the torsional stiffness between 2.10 -7 N.m/rad and 1.10 -6 N.m/rad gives a value of the numerical eigenfrequency that is in the range of the experimental one for all the values of the membrane radius. MPa for a torsional stiffness around 2.10 -7 N.m/rad. For an unloaded circular plate, the bending moment along the circumference is related to the rim rotation by the formula:
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Where K can be expressed by:
Where E is the Young's modulus of the membrane, 150 GPa, h the thickness, 1.5 µm,  the Poisson's ratio, 0.22. Using equation 3, a value of 3.4.10 -7 N.m/rad is found for the equivalent torsional stiffness K, which is close to 2.10 -7 N.m/rad.
Conclusion
5
In this paper, the anodic bonding of an SOI wafer and a glass wafer is now proved to be a relevant Further developments aim at identifying the origin of the residual stress in the membranes and providing efficient clamping conditions. Concerning the origin of the residual stress, at least two directions of research can be investigated: the amount of stress in the SOI layer generated during the 25 fabrication process of the SOI wafer itself, and the amount of stress in the membranes induced by our fabrication process, especially during the anodic bonding step. If the origin of the residual stress can be identified, a solution might be found to reduce it. Concerning the clamping conditions, membranes 26 having a step at the rim of the membrane have to be fabricated. This step will reduce the rotations so that the boundary conditions will be actually clamped at the rim of the membrane. However, these improvements require additional mask levels, leading to a more complicated fabrication process and consequently to a higher probability of failure. 
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